The length of cilia is robustly regulated [1] . Previous data suggest that cells possess a sensing system to control ciliary length [2] [3] [4] [5] . However, the details of the mechanism are currently not known [6, 7] . Such a system requires a mechanism that responds to ciliary length, and consequently, disruption of that response system should alter ciliary length [1] . The assembly rate of cilium mediated by intraflagellar transport (IFT) gradually decreases as the cilium elongates and eventually is balanced by the constant rate of disassembly, at which point cilium elongation stops [8, 9] . Because the rate of IFT entry into the cilium also decreases as the cilium elongates [10], regulation of IFT entry could provide the mechanism for length control. Previously, we showed that phosphorylation of the FLA8/KIF3B subunit of the anterograde kinesin-II IFT motor blocks IFT entry and flagellar assembly in Chlamydomonas [11] . Here, we show in Chlamydomonas that cellular signaling in response to alteration of flagellar length regulates phosphorylation of FLA8/ KIF3B, which restricts IFT entry and, thus, flagellar assembly to control flagellar length. Cellular levels of phosphorylated FLA8 (pFLA8) are tightly linked to flagellar length: FLA8 phosphorylation is reduced in cells with short flagella and elevated in cells with long flagella. Depletion of the phosphatases CrPP1 and CrPP6 increases the level of cellular pFLA8, leading to short flagella due to decreased IFT entry. The results demonstrate that ciliary length control is achieved by a cellular sensing system that controls IFT entry through phosphorylation of the anterograde IFT motor.
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In Brief Liang et al. show that the phosphorylation level of the IFT motor kinesin-II subunit FLA8/KIF3B correlates directly with the ciliary length, and changes in the level of phosphorylated FLA8/KIF3B alter the rate of IFT entry and ciliary length. This suggests that ciliary length is controlled by IFT entry mediated by ciliary length sensing.
SUMMARY
The length of cilia is robustly regulated [1] . Previous data suggest that cells possess a sensing system to control ciliary length [2] [3] [4] [5] . However, the details of the mechanism are currently not known [6, 7] . Such a system requires a mechanism that responds to ciliary length, and consequently, disruption of that response system should alter ciliary length [1] . The assembly rate of cilium mediated by intraflagellar transport (IFT) gradually decreases as the cilium elongates and eventually is balanced by the constant rate of disassembly, at which point cilium elongation stops [8, 9] . Because the rate of IFT entry into the cilium also decreases as the cilium elongates [10] , regulation of IFT entry could provide the mechanism for length control. Previously, we showed that phosphorylation of the FLA8/KIF3B subunit of the anterograde kinesin-II IFT motor blocks IFT entry and flagellar assembly in Chlamydomonas [11] . Here, we show in Chlamydomonas that cellular signaling in response to alteration of flagellar length regulates phosphorylation of FLA8/ KIF3B, which restricts IFT entry and, thus, flagellar assembly to control flagellar length. Cellular levels of phosphorylated FLA8 (pFLA8) are tightly linked to flagellar length: FLA8 phosphorylation is reduced in cells with short flagella and elevated in cells with long flagella. Depletion of the phosphatases CrPP1 and CrPP6 increases the level of cellular pFLA8, leading to short flagella due to decreased IFT entry. The results demonstrate that ciliary length control is achieved by a cellular sensing system that controls IFT entry through phosphorylation of the anterograde IFT motor.
RESULTS AND DISCUSSION
Dephosphorylation of FLA8/KIF3B Is Regulated by Okadaic-Acid-Sensitive Phosphatases, but Not PP2A Intraflagellar transport (IFT) is required for ciliary assembly by delivering ciliary precursors to the site of assembly at the tip.
IFT complexes and associated cargo assemble at the ciliary base, enter the cilia, and are driven to the distal tip by kinesin-II [12, 13] . In cells with full-length flagella, the phosphorylation level of the kinesin-II subunit FLA8/KIF3B is highest; by contrast, it is extremely low in aflagellated cells [11] . IFT entry and flagellar assembly are blocked when residue S663 of FLA8/KIF3B is phosphorylated by calcium-dependent kinase 1 (CDPK1) (a homolog of CAMKII) [11] . Thus, we reasoned that FLA8/KIF3B phosphorylation is regulated during flagellar assembly and this regulation contributes to flagellar length control. We decided to test whether manipulation of the FLA8/KIF3B phosphorylation status could change flagellar length. To do this, we could either manipulate CDPK1 or other protein phosphatase(s). We reasoned that CDPK1 may not be suitable for this purpose, as the enzyme is also involved in IFT turnaround at the flagellar tip; thus, inhibition of CDPK1 would also impair the process of IFT and thus flagellar assembly [11] . Thus, we focused instead on the phosphatase(s) that dephosphorylate(s) FLA8/KIF3B.
To identify phosphatases that regulate the activity of FLA8/ KIF3B, first we treated Chlamydomonas cells with okadaic acid, a general inhibitor of both PP1-and PP2A-type phosphatases [14] . No significant changes in the level of pFLA8 in cells with full-length flagella were observed via immunoblot analysis using an anti-pFLA8 antibody ( Figure 1A ). However, in deflagellated cells, where pFLA8 was barely detectable [11] , okadaic acid treatment induced a strong increase ($3,600%) in the cellular level of pFLA8. In addition, this treatment resulted in slower flagellar assembly ( Figure S1A ).
Okadaic acid is a known inhibitor of PP1 and PP2A. PP4 and PP6 also belong to the PP2A subfamily [15] . In the Chlamydomonas genome, one gene encodes PP1 (PP1A; Cre06.g292550; termed CrPP1 hereafter), two genes encode PP2A (PP2A-1c [Cre03.g199983] and PP2A3 [Cre12.g494900]), one gene encodes PP4 (PP2A-C4 [Cre12.g494900]), and one gene encodes PP6 (PPA1 [Cre06.g308350]; termed CrPP6 hereafter) [16, 17] . The PP2A homologs PP2A-1c and PP2A3 are involved in flagellar motility and mating, respectively [16] [17] [18] [19] . A strain (CC-1037) that carries mutations in PP2A3 and a strain (CC-880) that carries mutations in a gene encoding the B subunit of PP2A-1c were examined for the level of pFLA8. The level of pFLA8 in these two mutants was not increased but rather was decreased relative to wild-type (WT) cells ( Figure S1B ), indicating that these two phosphatases are not the phosphatases acting on FLA8. A decreased level of pFLA8 in these cells may reflect the fact that the mutants have shorter flagella ( Figure S1C ; see below).
Both CrPP1 and CrPP6 Participate in FLA8 Dephosphorylation
As PP1 is a target of okadaic acid and PP6 is a potential target of okadaic acid that regulates aurora A (AURKA), a kinase involved in ciliary functions [20, 21] , we focused on the possible involvement of CrPP1 and CrPP6 in FLA8 dephosphorylation. First, we examined the cellular distributions of CrPP1 and CrPP6 by expressing hemagglutinin (HA)-tagged proteins. Immunoblot analysis of isolated cell bodies and flagella showed that CrPP1 was present in both the cell body and flagella and CrPP6 was predominantly present in the cell body ( Figures 1B and 1C) . Immunostaining analysis showed that a fraction of both proteins was enriched at the basal body region ( Figures S1D and S1E) , where FLA8 is concentrated [11, 22] .
As no mutants in CrPP1 or CrPP6 are available and the efficiency of the CRISPR/Cas9 system is very low in Chlamydomonas, we used RNAi to deplete CrPP1 or CrPP6 to test whether CrPP1 and CrPP6 were involved in FLA8 dephosphorylation [23] [24] [25] . Analysis of the knockdowns by qPCR showed that the transcript of CrPP1 was reduced more than 80% in two representative RNAi strains and the transcript of CrPP6 was also significantly decreased, although to a lesser extent ( Figures 1D  and 1E ). Next, the cellular level of pFLA8 was examined by immunoblotting. In steady-state flagellated cells, CrPP1 RNAi cells showed similar level of pFLA8 as seen in WT cells whereas CrPP6 RNAi cells exhibited a slight increase of pFLA8 relative to WT cells (an average increase of 62%; Figures 1F and 1G) . In contrast, when the cells were deflagellated, there was a striking increase in the level of pFLA8 in both CrPP1 and CrPP6 RNAi cells compared to WT cells (an average increase of 491% for CrPP1 RNAi cells and 847% for CrPP6 RNAi cells). These data suggest that both CrPP1 and CrPP6 are capable of dephosphorylating FLA8.
Double Depletion of CrPP1 and CrPP6 Leads to Elevation of pFLA8 in Steady-State Cells and Short Flagella
The above data suggest that both CrPP1 and CrPP6 can catalyze FLA8 dephosphorylation. We next created double-knockdown strains. CrPP6 was knocked down in the CrPP1 RNAi strain . qPCR demonstrated that the transcript of CrPP6 was significantly reduced in two representative strains (Figure 2A) . Immunoblot analysis showed that the level of pFLA8 was elevated not only in deflagellated cells but also in steadystate flagellated cells after the double-RNAi treatment (Figure 2B ). The level of pFLA8 exhibited an average increase of 108% for steady-state cells and 2,288% for deflagellated cells. Immunofluorescence experiments demonstrated that pFLA8 significantly increased in both the flagella (about 300%) and the basal body region ( Figure 2C ). As pFLA8 inhibits IFT entry [11] and reduced IFT entry shortens flagella in FLA10/KIF3A temperature-sensitive mutants at the restrictive temperature [9] , we examined whether flagellar assembly and length were affected by the increased level of pFLA8 induced by knockdown of PP1 and PP6. As expected, the length of flagella was reduced in the double-RNAi strains compared to WT cells ( Figure 2D ) and the flagella regenerated slowly ( Figure 2E ). The above data demonstrate that modulation of the level of pFLA8 induces changes in flagellar length during flagellar regeneration.
Increased Level of pFLA8 Reduces IFT Entry To confirm that the increased level of pFLA8 induced by knockdown of PP1 and PP6 indeed affected IFT, we used total internal reflection fluorescence (TIRF) microscopy to observe IFT. Yellow fluorescent protein (YFP)-tagged IFT46 (IFT46-YFP) was expressed in both wild-type cells and the double-RNAi knockdown strains. By analysis of the kymographs derived from the IFT videos ( Figure 3A) , we found that the velocities of both anterograde and retrograde IFT in the RNAi strains were significantly reduced (Figure 3B) . Furthermore, the IFT frequencies were also significantly decreased in the RNAi strains (anterograde IFT frequencies: 2.09 trains/s in WT versus 1.63 and 1.59 trains/s in two RNAi strains; retrograde IFT frequencies: 2.12 trains/s in WT versus 1.52 and 1.69 trains/s in two RNAi strains; Figure 3C ). To test whether the flagella of the RNAi strains had lower levels of IFT proteins, isolated flagella from the RNAi and WT cells were subjected to immunoblot analysis ( Figure 3D ). Tubulin and IC2, an axonemal protein, were used as loading controls. The levels of the IFT-B protein IFT172, the IFT-A protein IFT122, and the anterograde motor kinesin-II subunit KAP were decreased in the RNAi cells relative to the WT cells (an average decrease of 35% for IFT172, 29% for IFT122, and 39% for KAP). Because an equal amount of flagellar proteins was loaded and the RNAi cells had shorter flagella, the actual amount of IFT proteins in the flagellum of the RNAi cells is much reduced compared to WT flagella. These data suggest that increased levels of pFLA8 mediated by knockdown of phosphatases resulted in less IFT entry into the flagella. Interestingly, the level of the retrograde motor subunit D1bLIC was increased, suggesting that the retrograde motor may also be controlled by other phosphorylation-mediated events.
Length-Dependent Regulation of the Cellular Level of pFLA8
Because alteration of the level of pFLA8 can modulate IFT entry and flagellar length, it is tempting to predict that cells may sense flagellar length and translate this length information into different levels of pFLA8; pFLA8 would then restrict IFT entry and thus flagellar assembly rate to achieve flagellar length control. If this occurs, then one would expect the level of pFLA8 to correlate with flagellar length, but this information is not known. Previously, we have shown that the level of pFLA8 increases during flagellar assembly after deflagellation [11] , but we did not test whether pFLA8 levels were related to flagellar length or to the time after deflagellation. To distinguish between these possibilities, populations of cells having flagella of different lengths were generated by adding colchicine at varying times after deflagellation, followed by collection of the cells 2 hr later. Colchicine is a well-known inhibitor of microtubule polymerization and rapidly blocks flagellar assembly [2, 4, 26] . Immunoblot analysis and flagellar length measurements showed that the relative level of pFLA8 was directly related to flagellar length and not to the time after deflagellation (Figures 4A and 4B ). In addition, lithium chloride (LiCl) induces flagellar elongation [27, 28] . As shown in Figure 4C , flagellar length during LiCl treatment was also directly proportional to the relative levels of pFLA8. To further test whether the level of pFLA8 accurately reflects flagellar length, we analyzed pFLA8 in aflagellate cells, as well as in cells with short or long flagella. Wild-type cells grown on agar plate are aflagellate. Mutant bld1 cells lack functional IFT52 and are thus aflagellate, although mutant bld2 cells lack functional epsilon-tubulin and cannot generate flagella [29, 30] . The shf1 strain carries an unknown mutation that leads to cells with flagella that are about half length (6-8 mm) [31] . The lf4-3 mutant is deficient in LF4, a MOK protein kinase (a member of the mitogen-activated protein [MAP] kinase superfamily), and possesses extremely long flagella (around 20 mm) [5] . Using these various cell lines, we assessed the levels of pFLA8.
In cells with no flagella, pFLA8 was barely detectable, yet the cells had equal amounts of total FLA8 ( Figure 4D ). The pFLA8 level in shf1 cells with short flagella was reduced more than 50% compared to wild-type cells with normal flagella ( Figure 4D ). In contrast, the relative level of pFLA8 was significantly increased in the long flagella mutant lf4-3 (about double; Figure 4D ). These data show that the level of pFLA8 increases with an increase in flagellar length. If the level of pFLA8 reflects flagellar length, one would predict that the level of pFLA8 would decrease during flagellar shortening. As expected, analysis of cells undergoing flagellar shortening induced by sodium pyrophosphate (NaPPi) showed that the level of pFLA8 gradually decreased during flagellar shortening ( Figure 4E ). Taken together, these data indicate that the level of pFLA8 directly correlates with flagellar length during flagellar growth and shortening, in either aflagellate or short or long flagellar mutants, indicating that the level of pFLA8 provides an accurate correlative indicator of flagellar length. Ciliary length control is a long unresolved question in basic cell biology. An earlier proposal that ciliary length is regulated by the limitation of ciliary precursors has not been supported [32] . IFT has been implicated in ciliary length control [8, 9] . The amount of IFT particles that enter flagella is negatively correlated with ciliary length, which suggests that a length-dependent feedback regulates IFT entry and hence ciliary length [10, 33] . Theoretical modeling supports this model [3] . However, a recent report proposed that a gradual reduction of the IFT motor kinesin-II at the ciliary base due to its accumulation in the cilia as the cilia elongate restricts IFT entry and controls length, indicating a regulated process is not involved [34] . We have shown here that the phosphorylated level of the IFT motor subunit FLA8/ KIF3B reports flagellar length and modulation of the level of pFLA8 can change the IFT entry rate and thus flagellar length, which is consistent with the existence of a length-dependent feedback system to control length [1] . Therefore, length sensing generates a signal transduction cascade that controls the level of pFLA8 and in turn the rate of IFT entry and flagellar assembly activities. During assembly, the cellular level of pFLA8 gradually increases as the flagellum elongates, which results in less IFT entry and a reduced assembly rate. The decreasing assembly activity eventually balances with the constant disassembly activity to achieve ciliary length control [8, 9] .
What remains to be determined is the nature of the length signal and how this signal regulates FLA8 phosphorylation. Previously, we have shown that the CAMK-II homolog CDPK1 localizes to the basal body region, where it catalyzes FLA8 phosphorylation [11] , and calcium has been predicted to be the length signal [35] . Disturbing homeostasis of cellular calcium has been shown to affect both ciliary elongation and shortening in Chlamydomonas and mammalian cells [36, 37] . The number of calcium channels in the Chlamydomonas flagellar membrane increases as the flagellum elongates [38] . Calcium as a length signal also fits with a mathematical model for ciliary length control [3] . Thus, we propose a model for ciliary length control (Figure 4F) : as a cilium elongates, calcium increase in the cilium stimulates the activity of CDPK1 in the region of the cilium base, resulting in the conversion of FLA8 to pFLA8; this leads to reduced IFT entry and a reduction in assembly activity. The gradually decreasing assembly activity eventually balances with the constant disassembly activity, and at this point, a steady state is achieved and the cilium stops growing. Although the entry rate of IFT can alter the length of cilia, the exact quantitative relationship between IFT entry rate and ciliary length is still unknown.
The assembly activity of cilia mediated by IFT depends on not only IFT entry rate but also on the amount of ciliary precursors that are carried by IFT trains as cargo. It is known that IFT cargo loading decreases with ciliary length during ciliary assembly [39, 40] . Thus, it is likely that cargo loading is also regulated by ciliary length. In this scenario, IFT entry and cargo loading should be simultaneously regulated. The activity of the aurora-like protein kinase CALK correlates with ciliary length [2] ; hence, CALK could act as a regulator of cargo loading. Additional studies will be needed to determine the possible relationship between CALK and IFT cargo loading.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (F) An IFT-based ciliary-length-sensing model for ciliary length control. When the assembly activity is more than the constant disassembly activity, cilia elongate. Longer cilia generate more length signal, e.g., calcium, which increases the activity of CDPK1 and the level of phosphorylated FLA8, leading to less IFT entry and thus reduced assembly activity. As long as the assembly activity is greater than the disassembly activity, cilia continue to elongate. However, when the assembly activity decreases so that it is equal to the disassembly activity, cilia stop elongating, thus establishing full-length, steady-state cilia. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Chlamydomonas reinhardtiistrains were obtained from the Chlamydomonas Resource Center (University of Minnesota, St. Paul, MN). lf4-3 was kindly provided by Dr. Lefebvre [5] . RNAi strains and ectopic expression strains were generated in this study. Cells were grown on 1.5% agar plates or in liquid medium with aeration at 23 C under a 14:10h light-dark cycle as described previously [24] . For cultures used for transformation, TAP medium [43] was used; otherwise M medium was used [44] .
METHOD DETAILS
Cell fractionation and flagellar regeneration Cells were deflagellated by pH shock to allow flagellar regeneration and for isolation of cell bodies and flagella, as described previously [24] . Briefly, cell cultures were treated with 0.2 M acetic acid to reduce the pH to 4.5 rapidly and after 30 s the cultures werebrought to pH 7.2 by drop-wise addition of 0.2M KOH. Cells were then centrifuged and suspended in fresh medium to allow flagellar regeneration.The cell bodies were isolated by spinning down the cells at 600 x g for 5 min at 4 C after deflagellation. For flagellar isolation, the cell bodies were first removed by centrifugation as described above. 25% sucrose was added to the supernatant to a final concentration of 7%, which was then underlayed with 25% sucrose followed by centrifugation at 1873 x g for 10 min at 4 C. The upper phase fractions were centrifuged at 11983 x g for 10 min at 4 C. The isolated cell bodies or flagella were dissolved in HMDEK buffer (50mMHEPES, pH 7.2, 5 mM MgCl 2 , 0.5mM EDTA, 1 mM DTT, 25mM KCl) containing protease inhibitor cocktail (mini-complete EDTA-free,Roche) and 1% NP40. The samples were fresh frozen in liquid nitrogen and stored at À80 C. In experiments with okadaic acid treatment for collecting aflagellated cells, deflagellation was achieved by using dibucaine [45] . A final concentration of 25 mM dibucaine was used.
Flagellar length measurement
For flagellar length measurement, cells were fixed by 1% glutaraldehyde and observed using an inverted microscope (Axio Observer Z1, Zeiss) followed by length measurement using ImageJ (NIH, USA). Routinely, flagellar length from at least 50 cells was measured using ImageJ and only those cells with flagella were included for calculating the average length of flagella. The data are presented as mean ± SD.
Ectopic gene expression and gene silencing in Chlamydomonas
Constructs used for gene expression or silencing were made by general molecular techniques. All the constructs used were verified by sequencing. Knockdown of PP1A (Cre06.g292550) or CrPP6 (Cre06.g308350) was achieved by using artificial microRNA essentially as previously described [24] . RNAi primers for amiRNA were synthesized and cloned into the p3int-RNAi vector at the SpeI/NheI restriction sites [25] . The information for the primers can be found in the Key Resources Table. To express CrPP1 (Cre06.g292550) or CrPP6 (Cre06.g308350), the respective gene including approximately1.5 -2 kb 5 0 UTR nucleotide sequences was cloned by PCR. A triple HA tag was cloned at the 3 0 end of the genes. The final construct of CrPP1 contains a PsaD terminator [46] and a paromomycin resistant gene expression cassette [47] while that of CrPP6 contains a rubisco terminator [48] and a hygromycin resistant gene expression cassette [49] . The constructs were transformed into wild-type Chlamydomonas cells by electroporation [24] and the transformants were selected on agar plates containing 10 mg/ml paromomycin or 20 mg/ml hygromycin, and screened by immunoblotting with the anti-HA antibody.
To express IFT46-YFP, a construct provided by Dr. Kaiyao Huang (Institute of Hydrobiology, China) [42] was used with the paromomycin resistant gene being replaced by the ble gene [50] . The construct was linearized by EcoRI followed by transformation using electroporation. The transformants were selected with 10 mg/ml zeocin.
